Take-home message {#FPar5}
=================

In a prospective cohort study, we have shown that sixty-four clinically relevant thrombotic complications were diagnosed in 150 patients with COVID-19 ARDS during their ICU stay, mainly pulmonary embolisms (25 patients, 16.7%). Despite anticoagulation, a high number of patients with COVID-19 ARDS developed life-threatening thrombotic complications, meaning that higher anticoagulation targets than in usual critically ill patients should probably be considered.

Introduction {#Sec1}
============

Patients with severe acute respiratory syndrome (ARDS) due to SARS-CoV-2 infection, also known as coronavirus disease 2019 (COVID‐19), who are admitted to intensive care units (ICUs) mainly develop respiratory and digestive symptoms \[[@CR1], [@CR2]\]. However, some patients may also develop coagulopathy, then associated with poor prognosis \[[@CR3]\]. In a retrospective series of 183 consecutive patients, Tang et al. reported that 71.4% of non-survivors met the criteria of disseminated intravascular coagulation (DIC), while only 0.6% of survivors did. In 99 Chinese patients, Chen et al. \[[@CR4]\] also reported abnormal "coagulation function", including increased D-dimers in 36 patients (36%), decreased prothrombin time (PT) in 30 patients (30%), or increased activated partial thromboplastin time (aPTT) in 16 patients (16%). Similarly, among 13 patients admitted to ICU, Wang et al. \[[@CR5]\] reported that prothrombin time and D-dimer level on admission were significantly higher in ICU patients than in non-ICU patients. As is the case with sepsis, prophylactic anticoagulation of patients with severe COVID-19 may be recommended \[[@CR6]\]. Recent recommendations on coagulopathy management, based on the follow-up of standard coagulation markers (D-dimers, prothrombin time, fibrinogen, and platelet count), have been put forward by the International Society of Thrombosis and Haemostasis (ISTH) \[[@CR7]\]. In another retrospective study stratifying patients based on sepsis-induced coagulopathy (SIC) score or D-dimer level, Tang et al. \[[@CR8]\] suggested that heparin would decrease mortality in severe COVID-19 patients who met the SIC criteria or have markedly elevated D-dimers.

Despite increasing evidence of coagulation disorders, based on these retrospective data in a small number of patients, no data are available for the most severe patients, i.e., those admitted to ICU. In addition, none of the published articles describe the clinical or radiological issues related to these coagulation disorders \[[@CR3]--[@CR5]\]. The clinical relevance of these results may still be questionable.

On the basis of a comprehensive clinical examination, backed with biological and radiological data of a homogeneous prospective cohort of critically ill patients with ARDS due to SARS‐CoV‐2 infection, admitted to 4 intensive care units (ICUs) in two centers of a French tertiary hospital, we have aimed at describing the COVID-19-induced thrombotic complications and comparing them with non-COVID-19 ARDS patients.

Patients and methods {#Sec2}
====================

Patients {#Sec3}
--------

Between March 3rd and March 31st 2020, all patients referred for ARDS \[[@CR9]\] due to SARS‐CoV‐2 were prospectively included on admission in four intensive care units (ICUs) in two centers of a French tertiary hospital. There was no exclusion criterion. Patients were managed following current guidelines \[[@CR6]\] without specific therapeutic intervention. Approval was obtained from the local ethics committee of the University Hospital of Strasbourg (reference CE-2020-34). This study encompasses all demographic characteristics, medical history, clinical signs, biological and imaging data. Data were analyzed on April the 7th, which means at least 7 days of follow-up for the most recent patients.

A historical prospective cohort of "non-COVID-19 ARDS" patients (NCT \#02391792) included between 2014 and 2019 was used for the comparison of COVID-19 ARDS to non- COVID-19 ARDS. All the patients had a bacterial or viral ARDS defined according to Berlin definition \[[@CR9]\]. Their characteristics are summarized in Table [1](#Tab1){ref-type="table"}.Table 1Characteristics of COVID-19 ARDS and non-COVID-19 ARDSPopulation before matching (*n* = 383)Population after matching (*n* = 222)Non-COVID-19 ARDS (*n* = 233)COVID-19 ARDS (*n* = 150)*p-*valueNon-COVID-19 ARDS (*n* = 145)COVID-19 ARDS (*n* = 77)*p-*valueAge---median, IQR74 \[63; 81\]63 \[53; 71\]\< 0.00172 \[61; 80\]68 \[61; 75\]0.593Male---*n* (%)164 (70.4)122 (81.3)0.02112 (77.2)63 (81.8)0.426Medical history---*n* (%) Malignancies/hemopathies31 (13.4)9 (6.0)0.0214 (9.7)6 (7.8)0.678 Cardiovascular diseases143 (61.4)72 (48)0.0185 (58.6)42 (55.6)0.753 Thrombo-embolic event13 (5.6)8 (5.3)0.929 (6.2)7 (9.1)0.42 Cerebrovascular diseases23 (10)7 (4.7)0.068 (5.5)5 (6.5)0.788 Immune diseases13 (5.6)4 (2.7)0.177 (4.8)4 (5.2)0.951 Diabetes51 (21.9)30 (20)0.6629 (20)17 (22.1)0.589 Chronic liver disease21 (9)4 (2.7)0.017 (4.8)3 (3.9)0.816 Chronic renal disease38 (16.3)6 (4.0)\< 0.00114 (9.7)5 (6.5)0.438 Respiratory disease49 (21.2)21 (14)0.0736 (24.8)11 (14.3)0.207 Baseline SAPS II---median, IQR61 \[49; 76\]49 \[37; 64\]\< 0.00154 \[45; 69\]53 \[46; 67\]0.560 Baseline SOFA---median, IQR11 \[[@CR9], [@CR13]\]8 \[[@CR5], [@CR10]\]\< 0.00110 \[[@CR8], [@CR13]\]9 \[[@CR7], [@CR12]\]0.204 PaO~2~/FiO~2~ on ICU admission (mmHg)---median, IQR142 \[93; 195\]125 \[97; 170\]\< 0.02118 \[89; 174\]135 \[99; 181\]0.520 Invasive mechanical ventilation---*n* (%)233 (100)150 (100)1145 (100)77 (100)1Baseline heparin treatment---*n* (%) Prophylactic dosing^a^188 (80.7)105 (70)0.27110 (75.9)60 (77.9)0.768 Therapeutic dosing45 (19.3)45 (30)0.0235 (24.1)17 (22.1)0.697 ECMO---*n* (%)10 (4.3)12 (8.1)0.1247 (4.8)4 (5.2)0.952 ECMO duration (days)---median, IQR8 \[5.3; 10.8\]7 \[4.3; 11\]0.64210 \[7.0; 11.5\]6.5 \[4.5; 9\]0.527SOFA, sequential organ failure assessment; SAPSII, simplified acute physiology score II^a^Prophylactic dosing was 4000 UI/day for low molecular weight heparin or if contra-indicated, unfractioned heparin at 5--8 U/kg/h

Outcomes {#Sec4}
--------

The primary end-point was to compare the occurrence of any thrombotic event (deep vein thrombosis, pulmonary embolism, myocardial infarction, mesenteric ischemia, lower limb ischemia, cerebral ischemic attack) between patients with COVID-19 ARDS and patients with non-COVID-19 ARDS. The secondary endpoints were to compare: the occurrence of each of the aforementioned thrombotic complications, the occurrence of RRT filter coagulation, the median lifespan of each RRT circuit, the occurrence of ECMO oxygenator coagulation, the occurrence of hemorrhagic complications and the results of coagulation tests.

Laboratory analysis {#Sec5}
-------------------

Platelet count and coagulation tests were performed daily during the ICU stay, including PT, antithrombin activity (AT), fibrinogen, D-dimers and aPTT in order to perform DIC scores. Factor V (FV), von Willebrand factor (vWF) antigen, vWF activity, and factor VIII (FVIII) activity were performed. Lupus anticoagulant was searched when a coagulation disorder was suspected, based on a prolonged aPTT at ICU admission or on the occurrence of a thrombotic event during ICU stay. Please refer to supplementary material for further details.

DIC scoring systems {#Sec6}
-------------------

The JAAM-DIC 2016 score \[[@CR10]\], ISTH overt-DIC score \[[@CR11]\] and SIC score \[[@CR8]\] were calculated daily until day 7. Scores were considered positive as commonly accepted, if ISTH overt-DIC was 5 points or more, JAAM-DIC score was 4 points or more and if SIC was 4 points or more.

Imaging {#Sec7}
-------

Patients with suspected pulmonary embolism, based on their clinical (worse PaO~2~/FiO~2~ despite inhaled nitric oxide or after prone positioning or hemodynamic impairment requiring fluid challenge and/or increased norepinephrine infusion rate, dilated right ventricle---even without acute cor pulmonale) or laboratory parameters evolution (a rapid elevation of D-dimer despite anticoagulation), had a CT pulmonary angiography (CTPA) done, either at the admission in ICU or during their stay. All CTPA were acquired on 64 + row scanners, after injection of 50--75 mL of high concentration iodine contrast media, with the use of a bolus-tracking technique and a threshold of 160 HU to 250 HU in the main pulmonary artery. When established, pulmonary embolism was classified as troncular, lobar, segmental or sub-segmental, based on the location of the most proximal luminal defect.

Patients with suspected peripheral arterial ischemia were explored with CT angiography (CTA). Lower-limb CTA were acquired on 64 + row machines, with arterial phase after injecting 100 mL of high concentration iodine contrast media.

Patients with suspected mesenteric ischemia, based on clinical presentation and/or biological abnormalities, had a contrast-enhanced chest abdomen and pelvis CT (CAP CT). All CAP CT were acquired on 64 + row machines, with mandatory unenhanced, arterial and venous abdomino-pelvic phases, after injecting 100 mL of high concentration iodine contrast media.

Patients with suspicion of stroke, based on pathological neurological examination, had either a non-contrast brain CT and/or a brain MRI with diffusion weighted imaging and 3D FLAIR acquisitions.

All CT and MR examinations were read by consultant radiologists specialized in emergency radiology.

Statistic {#Sec8}
---------

Continuous variables are presented as median with the first and third quartile and were compared using nonparametric Wilcoxon tests. Categorical variables are presented as numbers and proportions and were compared using Pearson's *χ*^2^ tests or Fisher's exact tests. In order to compare the outcomes in this observational study, a propensity score analysis was performed. Propensity scores was generated using a multivariable logistic regression model with the group (non-COVID-19 ARDS or COVID-19 ARDS) as the dependent variable and baseline characteristics that were unbalanced between groups or had clinical relevance as the independent variables (age, sex, medical history of malignancies, cardiovascular diseases, cerebrovascular diseases, venous thrombo-embolic event, immune diseases, chronic liver diseases, chronic renal diseases, respiratory diseases, SAPS II, SOFA, PaO~2~/FiO~2~ on ICU admission, anticoagulant treatment and ECMO). The COVID-19 and non-COVID-19 patients were then paired 1:3 on these propensity scores with a caliper size of 0.1 × logit \[SD of the propensity score\]. In order to take into account the matching, variables were then compared using GEE (generalized estimating equation) models with an unstructured covariance matrix. Binomial distribution was used for binary variables, and Gamma distribution was used for continuous variable. Goodness of fit for Gamma distribution was assessed using histograms and quantiles plots. Sensitivity analysis was performed using multivariable logistic regression models on the whole population. Results are presented as odds ratio with 95% confidence intervals. A *p* value \< 0.05 was considered as statistically significant. All the analyses were performed using R software version 3.6.0. (R Core Team (2019). R: A language and environment for statistical computing. R Foundation for Statistical Computing, Vienna, Austria. URL <https://www.R-project.org/>).

Results {#Sec9}
=======

Baseline characteristics of the patients {#Sec10}
----------------------------------------

One hundred and fifty consecutive patients, with positive real-time reverse transcriptase PCR tests for COVID-19, admitted to 4 participating ICUs were included in the study. Median age was 63 \[53; 71\] years, and the male-to-female ratio was 122/28 (81.3% of men). The median of simplified acute physiology score (SAPS) II was 49 \[37; 64\] points. The median length of stay in ICU was 9.6 ± 4.2 days and mortality rate was 8.7%, considering that 101 patients (67.3%) were still intubated at the time of data analysis. Thirty-six patients had been discharged from ICU by time of data analysis. Eighty-four patients (60%) received lopinavir + ritonavir, 8 (5.3%) remdesivir, 49 (32.7%) hydroxychloroquine, and 9 (7.5%) did not received any antiviral treatment. Medical history, patient characteristics, thrombotic/ischemic and hemorrhagic complications during ICU stay of both COVID-19 and non-COVID-19 patients are summarized in Table [1](#Tab1){ref-type="table"}.

Thrombotic and ischemic complications {#Sec11}
-------------------------------------

Sixty-four clinically relevant thrombotic complications were diagnosed in 150 patients during their ICU stay, mainly pulmonary embolisms (Fig. [1](#Fig1){ref-type="fig"}). One hundred CTPA were performed in 99 patients to investigate the cause of a respiratory re-aggravation or because of a significant increase of D-dimers. Twenty-five (25%) showed pulmonary embolisms (24 men, mean age 62 years old): 9 troncular, 8 lobar, 5 segmental and 3 subsegmental pulmonary embolisms. Pulmonary embolism was diagnosed in median 5.5 \[2.8; 9.3\] days after ICU admission.Fig. 166-year-old man at day 8 of ICU stay for ARDS secondary to Covid-19. CTPA demonstrating a proximal right pulmonary artery luminal defect and major bilateral alveolar consolidation

Fifteen brain CT and 10 brain MRI were performed in 25 patients because of pathological neurological examinations, and 4 showed hemorrhagic complications or ischemic strokes. Two CT were performed in a context of recent head trauma after a fall, but none showed sign of ischemic stroke. In one patient, there was a complete occlusion of the right internal carotid artery, possibly preexisting to COVID-19 infection, without any sign of ischemic stroke.

Two patients had a left cerebellar ischemic stroke in MRI, which was acute in one case with hyperintensity on diffusion weighted imaging and decreased diffusion coefficient and probably preexisting to COVID-19 infection in the other case because of ADC increase, lack of contrast enhancement and absence of mass effect; the third patient has bilateral multiple periventricular ischemic lesions. The last one had an acute voluminous fronto-temporal intra-parenchymatous hematoma and multiple recent ischemic lesions.

Twenty-eight patients out of 29 (96.6%) receiving continuous renal replacement therapy (RRT) experienced circuit clotting. The median lifespan of an RRT circuit was 1.5 \[1; 2\] days, compared to the 3 days recommended by the manufacturer, and the total number of circuits was used 141 circuits for 230 days of continuous RRT (4.9 devices/patient).

Twelve patients (8%) were supported by extracorporeal membrane oxygenation (ECMO): 11 with veno-venous ECMO because of respiratory failure, and 1 patient with veno-arterial ECMO because of respiratory failure complicated with cardiogenic shock due to pulmonary embolism.

We identified 3 thrombotic occlusions of centrifugal pump in 2 patients, needing its prompt replacement after a runtime of 5 days in the first patient and 4 and 7 days in the second one.

No patients suffered from a myocardial infarction during the ICU stay, although a high number of the patients (48%) suffered from cardiovascular comorbidities. A 62-year-old patient, without any cardiovascular medical history except smoking cessation for over 20 years and dyslipidemia, developed an acute limb ischemia. His medical history showed no obliterating arteriopathy of the lower limbs, he did not receive catecholamines, and no atrial fibrillation was reported during his stay. A segmental pulmonary embolism was also diagnosed on a CTPA performed the same day because of persistent hypoxemia.

Mesenteric ischemia was suspected in 5 patients, with positive CAP CT in one case (30 cm of non-enhancing bowel).

No patient suffered from digital/toes necrosis or purpura.

The antiviral therapy item was not associated with thrombogenic tendencies (data not shown).

Hemorrhagic complications {#Sec12}
-------------------------

Only 4 patients (2.7%) presented hemorrhagic complications. Patients 1 and 2 had recent head trauma before ICU admission; the first one was diagnosed with an intra-axial hematoma; the second one with a diffuse intra and extra-axial hemorrhagic lesions. The third patient had an intra-parenchymatous hematoma (described above). The fourth patient developed hemorrhagic complications due to ECMO, with a voluminous hematoma at the insertion site of the cannula (scarpa) requiring the hematoma removal and local coagulation.

Coagulation disorders {#Sec13}
---------------------

At baseline, most patients (\> 95%) had elevated D-dimer and fibrinogen levels. Platelets, prothrombin time, aPTT and antithrombin remained within normal ranges in 120 (80%), 108 (72%), and 100 patients (66.7%), respectively, which explains the normal JAAM-DIC (\< 4 points) in 144 patients (96%) and normal ISTH (\< 5 points) scores in all patients. Median scores were 0 \[0; 1\] and 2 \[[@CR2], [@CR3]\] points for JAAM-DIC and ISTH scores, respectively. Only 6 patients (2.7%) had a positive JAAM-DIC score, and none had a positive ISTH score. Even the SIC score, which detects patients "at risk of developing DIC", was positive in only 22 patients (14.7%).

Von Willebrand factor (vWF) activity and vWF antigen (vWF:Ag) were considerably increased, as well as factor VIII. Furthermore, 50 patients out of the 57 tested (87.7%) had positive lupus circulating anticoagulant during their ICU stay (Table [2](#Tab2){ref-type="table"}).Table 2Coagulation parameters of COVID-19 patientsAll patients (*n* = 150)Baseline coagulation parameters Platelet count (10^9^/L)---normal range: 150--400.10^9^/L200 \[152; 267\] aPTT---normal range: 0.7--1.21.2 \[1.1; 1.3\] PT (%)---normal range: \> 70%84 \[73; 91\] INR---normal range: 1.00--1.151.12 \[1.05; 1.25\] D-dimers (mg/L)---normal range: \< 0.5 mg/L2.27 \[1.16; 20\] Fibrinogen (g/L)---normal range: 2--4 g/L6.99 \[6.08; 7.73\] Antithrombin activity (%)---normal range: 50--150%91 \[78; 102\] Factor V (%)---normal range: \> 70%136 \[115; 150\] Factor VIII (%)---normal range: 60--150%341 \[258; 416\] vWF activity (%)328 \[212; 342\] vWF antigen (%)---normal range: 50--150%455 \[350; 521\]Lupus anticoagulant^a^---*n* (%)50/57 (87.7) Screen patient (s)68.6 \[59.5; 85.4\] Screen ratio---normal range: \< 1.21.63 \[1.43; 2.04\] Confirm patient (s)43.9 \[40.9; 48.4\] Confirm ratio---normal range: \< 1.21.25 \[1.13; 1.46\] Screen/confirm ratio---normal range: \< 1.21.4 \[1.25; 1.48\]All results are given in median \[IQR\], except if specified otherwiseaPTT, activated partial thromboplastin time; INR, international normalized ratio; PT, prothrombin time; vWF, von Willebrand factor^a^Measured during ICU stay

There was no heparin-induced thrombocytopenia in the 4 patients in whom it was searched because the clinical or biological data might have been compatible with this diagnosis.

Comparing COVID-19 ARDS with non-COVID-19 ARDS patients {#Sec14}
-------------------------------------------------------

Seventy-seven patients with COVID-19 ARDS or 145 patients with non-COVID-19 ARDS were matched. Thirty-five COVID-19 patients were matched with 1 non-COVID-19 patient, 16 COVID-19 patients with 2 non-COVID-19 patients, and 26 COVID-19 patients with 3 non-COVID-19 patients. Characteristics of both COVID-19 and non-COVID-19 patients are summarized in Table [1](#Tab1){ref-type="table"} and their outcomes in Table [3](#Tab3){ref-type="table"}. The sex, age, medical history, organ failures and severity score (Sepsis-related Organ Failure Assessment---SOFA, SAPS II), PaO~2~/FiO~2~ ratio, anticoagulant treatment at baseline and ECMO support after matching were not different between groups (Table [1](#Tab1){ref-type="table"}).Table 3Outcomes of COVID-19 ARDS and non-COVID-19 ARDSPopulation before matching (*n* = 383)Population after matching (*n* = 222)Non-COVID-19-ARDS (*n* = 233)COVID-19-ARDS (*n* = 150)OR \[95% IC\]*p-*valueNon-COVID-19-ARDS (*n* = 145)COVID-19-ARDS (*n* = 77)OR \[95% IC\]*p-*valueThrombo-embolic complications---*n* (%)14 (6)27 (18)3.4 \[1.7--7.3\]\< 0.0017 (4.8)9 (11.7)2.6 \[1.1--6.1\]0.04Pulmonary embolisms---*n* (%)3 (1.3)25 (16.7)15.2 \[4.5--80.4\]\< 0.0013 (2.1)9 (11.7)6.2 \[1.6--23.4\]0.01Deep vein thrombosis---*n* (%)3 (1.3)3 (2)1 \[0.1--9.2\]12 (1.4)0 (0)----Myocardial infarction---*n* (%)6 (2.6)0 (0)0 \[0--1.3\]0.092 (1.4)0 (0)----Cerebral ischemic attack---*n* (%)1 (0.4)2 (1.3)3.1 \[0.2-- 185.5\]0.680 (0.0)0 (0)----Limb ischemia---*n* (%)0 (0)1 (0.7)Inf \[0.0--Inf\]0.780 (0.0)0 (0)----Mesenteric ischemia---*n* (%)3 (1.3)1 (0.7)0.5 \[0.0--6.5\]0.982 (1.4)1 (1.3)0.96 \[0.09--9.8\]0.97Nb of RRT filter per dialyzed patient---median, IQR1 \[2--1\]3 \[2--7\]--\< 0.0012.0 \[1.0--2.5\]3.0 \[2.0--6\]--0.03Nb of RRT filter per day of RRT---median, IQR0.3 \[0.3; 0.5\]0.7 \[0.5; 1\]--\< 0.0010.3 \[0.3; 0.4\]0.7 \[0.5; 1\]--\< 0.001ECMO oxygenator thrombosis---*n* (%)1/10 (10)2/12 (16.7)--0.591/7 (14.3)0/4 (0)----Hemorrhagic complications---*n* (%)1 (1.8)4 (2.7)2.4 \[0.27--28.5\]0.62 (1.4)0 (0)----ARDS, acute respiratory distress syndrome; ECMO, extracorporeal membrane oxygenation; RRT, renal replacement therapy

As assessed after matching, more thrombotic complications were diagnosed in COVID-19 ARDS patients than in patients with non-COVID-19 ARDS (9 patients (11.7%) versus 7 patients (4.8%), OR 2.6 \[1.1--6.1\], *p* = 0.035), with significantly more pulmonary embolisms (9 patients (11.7%) versus 3 patients (2.1%), OR 6.2 \[1.6--23.4\], *p* = 0.008).

The total number of RRT circuits per dialyzed patient was higher in COVID-19 patients and their median lifespan shorter (Table [3](#Tab3){ref-type="table"}).

Coagulation parameters also differed between the two groups (Fig. [2](#Fig2){ref-type="fig"}): prothrombin time, antithrombin, fibrinogen and platelets were significantly higher in COVID-19 patients compared to non-COVID-19 ARDS patients; aPTT and D-dimers were significantly lower in COVID-19 patients.Fig. 2Coagulation parameters of the matched COVID-19 ARDS (*n* = 77 patients); and non-COVID-19 ARDS patients (*n* = 145 patients); aPTT: activated partial thromboplastin time, PT: prothrombin time

Sensitivity analyses were performed to compare the occurrence of thromboembolic complications and pulmonary embolism on the whole population using multivariable logistic regression models incorporating covariates used to construct the propensity score. The adjusted odds ratios were similar to those calculated with propensity score analysis for both events (OR = 2.7 \[1.1--6.6\], *p* = 0.028 for thromboembolic complications and OR = 9.3 \[2.2--40\], *p* = 0.003 for pulmonary embolism).

Discussion {#Sec15}
==========

In a prospective cohort, we have evidenced the high prevalence of clinically relevant thrombosis, essentially pulmonary embolisms (16.7%), in COVID-19 patients admitted to ICU for hypoxemic acute respiratory failure. These thrombotic complications occurred despite prophylactic or therapeutic anticoagulation.

A systemic inflammatory response syndrome, assessed by high fibrinogen, was present in all patients and was responsible for activation of blood coagulation in almost all COVID-19 patients, as demonstrated by progressive D-dimers elevation. However, the coagulation activation pattern was not the same as in our cohort of non-COVID-19 ARDS patients. It was not the same either as in septic shock without DIC: D-dimers levels were less elevated (2.27 mg/L vs. 4.30), PT, aPTT and AT were within normal ranges, and fibrinogen was higher (7.0 g/L vs. 5.6) \[[@CR12]\]. Interestingly, while 30--40% of septic shock patients develop DIC \[[@CR13]\], no COVID-19 patient was diagnosed with DIC using ISTH "overt" score and only 6 with JAAM-DIC score. Even the SIC score, which should detect patients at risk of developing DIC, was positive in only 22 patients.

We can therefore reasonably assume that the mechanisms leading to DIC differ in COVID-19 patients from those usually described in ICU patients. Then, the mechanisms leading to localized thrombosis (PE, stroke or mesenteric infarct) or to circuit device (either RRT or ECMO) thrombosis may not be the same either. Indeed, RRT circuit thrombosis, despite systemic anticoagulation by continuous infusion of heparin and/or citrate \[[@CR14]\], may be explained by both the very high level of fibrinogen and the ultrafiltration, resulting in higher concentrations inside the dialyzer capillaries, rather than by contact phase activation by the circuit itself \[[@CR15]\]. Classical coagulation markers, prothrombin and activated thromboplastin time, and platelet count do not detect the procoagulant state \[[@CR16]\].

Our data show that pulmonary embolism was usually diagnosed a few days after ICU admission. The incidence of pulmonary embolism was much higher in COVID-19 ARDS, as assessed through the matching with non-COVID-19 patients (11.7 vs. 2.1%). Another prospective cohort reported only 1.3% of PE in critically ill patients \[[@CR17]\].

The mechanisms involved in thrombosis remain unclear. Endothelial inflammation was obvious, with very high levels of vWF:Ag and FVIII. Profound hypoxemia in the pulmonary capillaries may result in vasoconstriction reducing blood flow and promoting vascular occlusion \[[@CR18]\]. Hypoxemia also induces activation of hypoxia-inducible factors (HIFs). HIFs are heterodimeric transcriptional factors consisting of HIFβ subunit, expressed by all nucleated cells, and HIF1α and HIF2α subunits (for HIF1 and HIF2, respectively). Hypoxia induces HIF2α subunits and decreases hydroxylation resulting in inducing or inhibition of many genes, including tissue factor (TF) and plasminogen-activator inhibitor-1 (PAI-1) \[[@CR19], [@CR20]\]. We did not measure PAI-1 in our patients, but we could assume that it would be very high, as it is shed by endothelial cells like vWF.

In a healthy lung, a fine balance exists between host coagulation and fibrinolytic pathways that controls fibrin deposition and their influence on the viability of the lung epithelium. It is well known that the urokinase plasminogen activator (uPA) bound to its receptor (uPAR) increases the efficiency of fibrinolysis on epithelial cell surfaces, clearing thereby abnormal fibrin deposits from the lung \[[@CR21]\]. Impairment of this fibrinolytic function during lung inflammation results in abnormal accumulations of fibrin in alveolar spaces due to increase in pro-coagulant activity \[[@CR22]\]. Accordingly, data of bronchoalveolar lavage (BAL) fluid from patients with ARDS have revealed the presence of fibrin and increased levels of the uPA plasminogen activator inhibitor 1 (PAI-1) responsible for a decreased fibrinolytic activity within the alveolar space \[[@CR23]\]. Increased PAI-1 levels were measured in the blood of SARS-CoV-infected patients during the 2002--2003 epidemic \[[@CR24]\]. A reduced capacity to cleave and remove fibrin deposits corresponds with a poor clinical patient outcome as presence of exudates, composed of fibrin and proteinaceous material, blocks normal gas exchange \[[@CR25]\].

Recently, Gralinsky et al. \[[@CR26]\] using system biology and a severe acute respiratory syndrome coronavirus (SARS-CoV) model pathogen providing matched virologic, pathological, and transcriptomic data, concluded in a model of altered hemostatic balance defined by the expression of procoagulant and antifibrinolytic factors resulting in the induction of diffuse alveolar damage after infection. Therefore, we suggest that SARS-CoV infection overwhelms the normally protective, profibrinolytic pathway, including increased PAI-1 expression, contributing to severe ARDS.

Another factor that could contribute to thrombosis is the presence of a positive lupus anticoagulant (LA) that was detected in 50 patients out of the 57 tested (87.7%). We can reasonably exclude false positive LA due to the presence of heparin as most patients had \< 0.3 IU/mL and a heparin‐neutralizing agent is contained in dRVV reagents, quenching heparin up to 0.8 anti‐Xa IU/ml. LA are heterogeneous antibodies detected under various clinical circumstances where cellular damage due to infectious, autoimmune or inflammatory stimuli \[[@CR27]\] leads to plasma membrane remodeling including the release of membrane microparticles and the exposure of phospholipids normally not accessible to the immune system. Resulting antibodies have been named anti-phospholipid antibodies (aPL). Strikingly, such LA/aPL elevations in a major proportion of COVID-19 patients have, however, rarely been observed with other pathologies, which probably reveals significant or massive cellular destruction. Of course, we cannot exclude that some patients were already positive for the LA before COVID-19 infection, since the frequency of non-symptomatic positive LA is higher in the ageing population \[[@CR28]\].

Nevertheless, there is a strong association between high D-dimers, thrombosis and the presence of LA early in the COVID-19 course. Moreover, two patients had livedo reticularis and another one had IgM type anticardiolipin antibody at 48 MPL. In our cohort, 29 patients had acute renal failure (ARF) KDIGO3 requiring renal replacement therapy (19.3%) and many had less severe renal failure with proteinuria (data not shown). Renal failure is often present at admission, while hypotension is not. The mechanism of ARF is probably multifactorial. It may be an association of dehydration, vascular leakage, hypoxia and aPL-associated nephropathy. Evidence of thrombotic microangiopathy in our patients is difficult to evidence as renal biopsy was not performed. Systemic inflammation---essentially via IL-6---may contribute to renal injury as observed during influenza A H1N1 \[[@CR29]\] and ARDS \[[@CR30]\]. ARF acts as an amplification loop \[[@CR31]\]. Nevertheless, some patients were admitted with ARF, while dehydration was clinically evident with aqueous diarrhea for few days prior to admission. Interestingly, these patients recover diuresis with hydration without improvement in ARF arguing for an intricate mechanism. Overhydration is a major concern during ARDS, and high venous pressure (aggravated by high levels of PEEP) and venous congestion of the kidneys may also play a role in the development of ARF during ICU stay.

Some viruses are known to activate the coagulation cascade, mainly by promoting tissue factor on endothelial cells (HSV and Dengue virus) as well as on lymphoid macrophages and circulating blood cells (Ebola virus) \[[@CR32]\]. Clinical manifestations with Dengue and Ebola viruses are disseminated intravascular coagulation with an hemorrhagic pattern \[[@CR33]\]. Our patients with COVID-19 had no such phenotype but were highly thrombotic without evidence of DIC. Moreover, this phenotype is also different from that of patients admitted to ICU with ARDS due to bacterial pneumonia and might be a specific presentation of COVID-19.

Being observational, our study has some limitations. We have notably not been able to describe the pathophysiological hypothesis leading to the high incidence of clinically relevant thrombosis in COVID-19 patients, yet we have emitted some hypothesis based on clinical and biological considerations. As a large number of COVID-19 patients were still intubated at the time of data collection, the incidence of thrombotic complications is probably under-estimated. Finally, we did not have a systematic standardized assessment of thromboembolic events, and imaging was performed based on the evolution of clinical or laboratory parameters, which may have led to variations according to the treating physicians.

This study has established that despite anticoagulation, a high number of patients with ARDS secondary to COVID-19 develop life-threatening thrombotic complications. The monitoring of anticoagulant treatment should be achieved through anti-Xa measurement, owing to changes of standard hemostasis parameters in this particular pathology. Although Tang et al. \[[@CR3]\] suggested that anticoagulant therapy mainly with LMWH appears to be associated with better prognosis in severe COVID-19 patients meeting SIC criteria or with markedly elevated D-dimer, higher anticoagulation targets than usual should probably be taken into consideration.
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